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The effect of silver nanparticles on the bactericidal and fungicidal properties of natural polymers -cellulose and collagen derivatives -was investigated. It was found that the treatment of films in a silver solution leads to a change in structure: ordering and compaction of microfibres. It is shown that the new materials, having fairly high bactericidal properties to different types of microorganism, are non-toxic and risk-free to humans and the environment.
Today, the application of the achievements of nanotechnology is making it possible to transform traditional packaging materials into innovative products with fundamentally new properties that are in demand on the world and domestic markets [1] .
The aim of the present work was to investigate the effect of silver nanoparticles on the structural and functional-technological characteristics of packaging materials manufactured from natural polymers.
The physical models employed were high-molecularweight matrices of biopolymers (cellulose and collagen derivatives) in the commercial form of sausage casings; the latter are currently being used as packaging materials in the production of sausage products and processed cheeses. It is planned to expand the sphere of their use by giving these casings new properties, including antimicrobial activity.
For the modification of the base polymer matrices with silver particles, stable nanoparticles in colloidal form were used. The developed methods for synthesising metal nanoparticles in reverse micelles make it possible to produce systems whose lifetime in liquid media amounts to up to a year or more [2, 3] .
Metal nanoparticles are obtained in the form of a liquid dispersion in an aqueous-organic 0.15 m solution of surfactant. Such a micellar solution can be used to create materials with specific properties. For this, nanoparticles are introduced in micellar solution form into different liquid systems or are adsorbed from this solution onto different surfaces.
The choice of additive is dictated by the following considerations. Silver nanoparticles possess bactericidal, fungicidal, and sporocidal properties and good compatibility with polymeric materials of natural origin [4] .
The advantages of the selected modifiers include the following:
• high aggregate stability, and stability with time;
• low volatility and retention of high activity in the polymer matrix;
• the absence of any effect on the organoleptic properties of the modified film.
A diagram of a reverse micelle and the structural formula of the surfactant used for the preparation of the reversemicelle system are given in Figure 1 .
Radiation treatment of aqueous-organic micellar 0.15 m solutions of AOT in isooctane in the presence of salt AgNO 3 in a concentration corresponding to the magnitude of w under anaerobic conditions was conducted on a g-Co 60 unit at a dose of 10 kGy. The process of nanoparticle formation during the reduction of Ag + ions by solvated electrons or by other reducing particles of water radiolysis and the subsequent aggregation of intermediate particles is shown by the following scheme:
The spectrum of optical absorption of the micellar solution of silver nanoparticles used for the modified films is presented in Figure 2 .
The materials under investigation -natural matrices -were treated with silver nanoparticles obtained by the above methods [2, 3] .
To assess the effect of the immobilization (inclusion) of silver particles in the polymer matrix, use was made of a laser spark rapid analyser of the elemental composition of natural materials (LSRA) and a Teol 840A scanning electron microscope. A comparative analysis was made of the absorption spectra of the formed nanoparticles in modifying solution before and after treatment, and also of the films themselves, using Specord M-40 and Beckman DU7 spectrophotometers; the absorption of the main absorption band was 420-440 nm.
The atomic adsorption selectivity method was used to determine the dynamics of silver particle desorption from modified systems into the medium in contact with them. Analysis was conducted on a Spektr-8 atomic adsorption analyser (Ag line 328 nm, detection limit 0.005 µg/cm 3 ).
The method of biotesting using test materials of the infusoria Stilonychia and Paramecium caudatum on a BIOLA instrument (developed by MGUPB) was used to assess the biological activity of the modified materials.
The antimicrobial activity of systems was studied using special methods and test cultures, the description of which is given below. To study the antimicrobial activity of modified films, use was made of the test cultures Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa; to determine the fungistatic properties, use was made of cultures of microscopic fungi: Penicillium glaucum, Aspergillus niger, and Endomyces lactis.
In the investigation of the protective action of the developed materials, use was made of the disc diffusion method, in accordance with the GOST 9.049 and GOST 9.050 standards, guided also by MUK 42 1840-04 and GOST 17.2.4.02-81. The methods for determining the diffusional and strength properties of the modified systems were in accordance with GOSTs 14236, 18197, and 12020.
At the first stage, the basic possibility of giving the polymer matrices the ability to immobilise silver nanoparticles by fixing them on the polymer support was determined. Films of collagen, hydrated cellulose, and methyl cellulose were treated the instant they were synthesised on a g-Co 60 unit of the IEL Institute of the Russian Academy of Sciences at a dose of 10 kGy, i.e. simultaneously with the process of silver nanoparticle formation.
The absorption spectra of initial solutions, solutions with films, and the films themselves were determined. The process was monitored by determining the spectra of optical absorption of the aggregates formed in time on the 400-440 nm absorption band. The data are given in Figure 3 .
The modified films have intense bands of optical absorption at l max = 440 nm, which corresponds to the l = 430 nm of the solutions of silver nanoparticles.
The effect of the introduction of silver particles into the polymer matrix was thus revealed. It was confirmed by the results of estimating the conductivity of modified films. It was established that, by introducing nanostructural clusters of silver into the matrix, the conductivity of the test films increased by 2-3 orders of magnitude.
The next stage of the work was to establish the laws governing the immobilisation of silver nanoparticles adsorbed on the polymer matrix. The influence of the following factors was investigated:
• the nature of the polymer matrix;
• the exposure time in the modifying system. The assessment was conducted by determining the amount of immobilised silver migrating from the modified matrix to the aqueous extract from the film (data presented in Table 1 ) and by a quantitative estimate of the content of silver ions on the surface of the films ( Table 2 ). The following conclusions were drawn:
• The nature of the polymer and the structural features of films (the level of "porosity" of the surface layers) have a considerable influence on the size of the immobilised silver nanoparticles.
• The inclusion of silver nanoparticles in the structure of the film is not limited only to their disposition on the surface of the films, but is volumetric in nature, as the migration of silver from the entire volume of the specimen is considerably greater than its content in the surface layer.
• The exposure time of films in the modifier does not correlate with the achieved modification effect. Increase in the exposure time by an order of magnitude leads only to a 1.5-2-fold increase in the modifier content in the system. An increase in the time of exposure is expected possibly to have a negative effect on the service properties of the matrix, and therefore it is inexpedient to lengthen it significantly.
In order to study the mechanism of the effects occurring in multicomponent composites modified with silver ions, a comparative analysis was made of the materials under investigation. It was shown that the treatment of films in a silver solution leads to a change in structure, manifested by ordering and compaction of the microfibres forming the cellular structure of the surface microrelief and the internal layer of the polymer matrix ( Figure 4 ).
The immobilisation of silver nanoparticles in the protein matrix of the casing, and also in packaging materials modified by the above method, is expected to give the investigated materials biological activity. This will make it possible to use the modified systems as active packaging materials capable of prolonged antimicrobial action in relation to microflora, which adversely affects the quality of food and the health of the consumer.
The activity and protective action of the developed systems were studied by determining:
• biological activity -their effect on Protozoa (different types of infusoria);
• the antimicrobial activity of films modified with silver nanoparticles.
Using single-cell test specimens, special biological studies were conducted to assess the biological activity of films treated and not treated with silver nanoparticles in a BIOLAT instrument. The exposure time of the specimens in the medium was 24 h.
In checking the cytotoxicity it was established that specimens treated with a micellar solution of silver are toxic to infusoria (instant mortality); a large amount of silver migrates from the polymer matrix, leading to their death.
To study the bacteriostatic properties of the modified films, the following test cultures were used: S. aureus, E. coli, and P. aeruginosa; to determine the fungistatic properties, the cultures of microscopic fungi were used: P. glaucum, A. niger, and Endomyces lactis.
In summary, it was established that the new materials with silver nanoparticles incorporated into their structure exhibit high bactericidal action in relation to the different types of pathogenic and nominally pathogenic microflora. Specimens of the investigated materials inhibited the growth of E. coli and 80% S. aureus. Fungistatic properties were most pronounced in relation to A. niger and P. glaucum. Antimicrobial action was also rendered on yeast cultures.
The antimicrobial activity and protective action were retained after 6 months storage of the materials (the observation time).
The protective action of the developed materials was investigated by packing and storing different foodstuffs in them. Use was made of modified Fabius and Belkozin sausage casings, polystyrene foam trays, film inserts, and cling film; the foodstuffs were fatty processed cheeses, tomato pureé (without preservatives), sour cream of 20% fat content, solid cheese, and sausage products.
The duration of the experiment was chosen with account taken of the storage time of the products. At the end of exposure, a visual assessment was made of the degree of growth of microorganisms from the change in appearance of the specimens. The degree of growth of mould was assessed in ratings according to GOST 9.048075. Antimicrobial activity was studied in relation to the cultures E. coli, S. aureus (in a concentration of 8.0-105 cells/mL), P. cyclopium, and Aspergillus niger. Products were packed into trays by hand. Periodic inspections were carried out every 3 days.
During the investigation it was established that the modified films possess practically identical antimicrobial activity in relation to E. coli and S. aureus and clearly inhibit the development of test cultures of microscopic fungi, ensuring preservation of the products.
The developed materials, besides a high protective action against undesirable microflora, must feature safety in relation to the products packed in them, retain the quality indices on contact with model media, and also retain recyclability under natural conditions, characteristic of protein casings.
The activity of the medium and the safety of the materials developed were determined for the case of modified protein sausage casings.
To assess the effectiveness of the selected regime, structurally sensitive methods were used. The tensile strength and strain of specimens (the initial specimen and the specimen after steeping for 10 min), the desorption of silver from modified films into water, the swelling of films in water, and also the sanitary-chemical indices of aqueous extracts from the films were determined for their correspondence to the requirements for polymeric materials coming into contact with foodstuffs.
Experimental data are given in Tables 3 to 5 and in Figure 5 . By comparative analysis of the tests results of initial and modified protein casings, it was established that the conducted modification had a positive effect on the sanitary-chemical indices of the base casings. It led to a reduction in the level of migration of water-soluble substances from the casing when steeped in water.
In terms of test indices, the modified casings satisfy hygiene requirements for polymeric materials intended for contact with foodstuffs.
The conducted identification of the composition of migrating substances confirmed that the modifier migrates from the trial films into the aqueous extract ( Table 4 ). This has a positive effect on the activity of the developed systems.
The maximum level of mass transfer of additive from the modified shell into the medium in contact with it is observed in a contact period of 10 min. Further increase in the exposure time causes practically no further change in the mass of the specimens when they come into contact with water ( Figure 5 ). Residual amounts of additive, encapsulated in the polymer matrix by forces of physical adsorption, ensure that the modified material is given a prolonged bactericidal action that is retained after contact with the medium.
The conducted modification has a favourable effect on the deformation and strength characteristics of the film ( Table 3 ) and does not alter its steam permeability.
Analysing the problem of the immobilisation of metal particles by biopolymers, it was assumed that the silver particles are bound with several protein microligands, which are characterised by three-dimensional spatial surroundings and a conformational state. In this case there is a change in the microstructure of the system itself, and a three-dimensional labile structure is formed in which the silver nanoparticles are centres forming new bonds noted for a large interface and an ordered structure.
The conducted modification leads to rearrangement of the structure of the surface layers of the casing, i.e. to the effect of so-called surface reinforcement by silver nanoparticles. A sharp reduction in the amount of substances migrating from the modified film into water is observed by comparison with the control specimen, as well as time-regulated desorption of silver ions from the modified matrix into the medium in contact with it.
It was found that materials with nanofiller particles adsorbed on them exhibit high antimicrobial activity in relation to bacteria of E. coli, salmonella, staphylococci, etc. Their bactericidal action is retained for a long time.
Thus, in the course of investigating the structural, functional-technological, and service properties of protein and viscose casings modified with silver nanoparticles, it has been possible to ascertain the following:
• A method has been developed for modifying matrices of polymers of natural origin with silver nanoparticles.
• When used to modify polymer matrices of protein (collagen) and polysaccharide (cellulose) nature, the given method ensures immobilisation of silver nanoparticles in the volume of the film.
• The effectiveness of immobilisation is influenced considerably by the composition of the polymer matrix and its structure.
• Coatings and films possessing bactericidal and fungicidal action have been obtained.
• The effective desorption of silver particles from the modified system into the medium in contact with it has been established, which explains the high activity of the new systems in relation to microbial cells and Protozoa.
The new materials, exhibiting high bioactivity to different forms of microorganisms, are non-toxic to humans and the environment. On account of this, the new polymers are extremely promising for packaging (trays, containers, and films in contact with meat convenience foods, cheeses, and so on), and also as active sausage casings.
